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Abstract.  Exposure  to  cold  stress  has  been  shown  to  im¬ 
pair  short-term,  or  working,  memory  which  may  be  relat¬ 
ed  to  a  reduction  in  brain  catecholamines.  Administra¬ 
tion  of  the  catecholamine  precursor  tyrosine  may  allevi¬ 
ate  a  cold-stress-induced  memory  impairment  by  pre¬ 
venting  a  deficit  in  brain  catecholamine  levels.  To  test  this 
hypothesis,  eight  rats  performed  a  delayed  matching-to- 
sample  (DMTS)  task  at  an  ambient  temperature  of  either 
2®C  (cold)  or  22“C,  following  intraperitoneal  administra¬ 
tion  of  saline  or  tyrosine  (50,  100  or  200  mg/kg).  Rats 
administered  saline  prior  to  22®C  exposure  demonstrated 
a  characteristic  delay  gradient  in  which  accuracy  de¬ 
creased  as  the  delay  interval  between  sample  and  com¬ 
parison  stimuli  increased  from  1  to  16  s.  Consistent  with 
previous  research,  and  relative  to  22®C  exposure  sessions, 
matching  accuracy  during  2°C  exposure  sessions  was  re¬ 
duced,  which  is  attributed  to  the  effect  of  cold  on  short¬ 
term,  or  working,  memory.  In  particular,  during  cold  ex¬ 
posure  sessions  matching  accuracy  was  significantly  re¬ 
duced  at  the  longer  delay  intervals,  relative  to  matching 
accuracy  at  22®C.  Additional  analysis  of  cumulative 
matching  errors  within  sessions  showed  that  during  ex¬ 
posure  to  cold,  errors  occurred  at  a  constant  rate 
throughout  the  session,  indicating  rats’  performance  was 
equally  debilitated  by  the  stressor  over  the  entire  session. 
During  cold  exposure  sessions,  the  higher  doses  of  100 
and  200  mg/kg  tyrosine  significantly  improved  overall 
matching  accuracy  relative  to  saline,  but  did  not  com¬ 
pletely  reverse  the  effect  of  cold  exposure,  as  overall 
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matching  accuracy  did  not  increase  entirely  to  levels  ob¬ 
tained  at  22°C.  A  linear  slope  analysis  of  cumulative  er¬ 
rors  within  cold  sessions  indicated  that,  relative  to  saline, 
the  higher  doses  of  tyrosine  also  significantly  reduced 
errors,  but  did  not  reduce  these  errors  to  levels  obtained 
during  exposure  to  22°C.  It  appears  that  supplemental 
tyrosine  was  effective  in  partially  ameliorating  the  effects 
of  cold  stress  on  DMTS  performance,  possibly  by  pre¬ 
venting  a  cold-stress-induced  reduction  in  brain  cate¬ 
cholamine  levels. 

Key  words:  Cold  stress  -  Tyrosine  -  Working  memory  - 
Catecholamines  -  Rats 


Recent  research  has  shown  that  exposure  to  acute  cold 
stress  impairs  performance  on  delayed  matching-to-sam¬ 
ple  (DMTS)  tasks.  This  finding  has  been  attributed  to  the 
effects  of  cold  on  short-term,  or  working,  memory 
(Thomas  et  al.  1989, 1991 ;  Aiders  et  al.  1991).  The  deficit 
in  performance  on  these  tasks  may  be  related  to  cold- 
stress-induced  increases  in  the  release  of  the  central  ner¬ 
vous  system  (CNS)  catecholamines,  norepinephrine  (NE) 
and  dopamine  (DA),  which  results  in  an  overall  reduc¬ 
tion  in  neurotransmitter  release.  The  inability  of  cate¬ 
cholamine  neurons  to  sustain  their  normal  levels  of  re¬ 
lease  during  exposure  to  cold  could  result  in  an  impair¬ 
ment  in  working  memory.  A  variety  of  stressors,  includ¬ 
ing  cold  exposure,  have  been  shown  to  increase  the  rate 
of  utilization  of  NE  (Gibson  and  Wurtman  1978;  Brady 
et  al.  1980;  Weiss  et  al.  1980;  Palkovits  1984;  Reinstein  et 
al.  1984)  and  DA  (Thierry  et  al.  1976;  Brady  et  al.  1980; 
Dunn  and  File  1983;  Palkovits  1984;  Keefe  et  al.  1990), 
which  leads  to  reduction  in  these  CNS  catecholamine 
levels  (Gibson  and  Wurtman  1978;  Brady  et  al.  1980; 
Weiss  et  al.  1980;  Dunn  and  File  1983;  Palkovits  1984; 
Reinstein  et  al.  1984).  In  addition,  reduction  in  NE  and 
DA  CNS  levels  associated  with  biochemical  lesions  has 
been  shown  to  impair  working  memory  (Brozoskis  et  al. 
1979;  Arnsten  and  Goldman-Rakic  1985).  It  is  also  likely 
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Jut  cold-stress-induccd  reduction  in  NE  and  DA  release 
impair  DMTS  performance  by  negatively  affecting 
S  release  of  acetylcholine,  a  neurotransmitter  impor- 
-flt  in  working  memory  (Decker  and  McGaugh,  1991). 

One  important  factor  necessary  for  the  continued 
^osynthesis  of  catecholamines  is  the  availability  of  the 
j0^o  acid  precursor  tyrosine.  During  acute  cold  expo- 
fitre  it  is  possible  that  the  availability  of  additional  ty- 
losine  could  result  in  continuous  biosynthesis  and  sus- 
uincd  release  of  NE  and  DA,  reducing  the  working 
memory  deficit.  In  fact,  Gibson  and  Wurtman  (1978) 
^monstrated  that  tyrosine  can  increase  the  rate  at  which 
>;E  is  synthesized  in  the  CNS  of  rats  during  acute  ambi¬ 
ent  cold  exposure  (4®C  environment)  relative  to  rats  not 
administered  tyrosine  and  cold  stressed.  Due  to  the  in- 
aeased  firing  rate  of  CNS  neurons  and  the  continued 
release  of  catecholamines,  tyrosine  hydroxylase  is  acti¬ 
vated,  leading  to  an  increase  in  tyrosine  utilization  and 
catecholamine  biosynthesis  (Lovenberg  et  al.  1978). 

In  addition  to  working  memory  deficits,  other  cogni¬ 
tive  and  behavioral  deficits  have  been  noted  following 
acute  exposure  to  cold  and  other  stressors,  which  are 
believed  to  be  attributed  to  catecholamine  depletion.  By 
possibly  allowing  for  increased  catecholamine  biosynthe¬ 
sis  in  neurons,  tyrosine  has  been  shown  to  ameliorate 
some  of  these  behavioral  and  cognitive  deficits.  For  ex¬ 
ample,  Banderet  and  Lieberman  (1989)  found  that  hu¬ 
man  subjects  administered  tyrosine  and  then  exposed  to 
a  simulated  high  altitude  cold  stressor  (e.g.  4200  m  + 
15°C)  were  less  debilitated  on  cognitive  tasks,  such  as 
addition  and  pattern  recognition,  than  when  performing 
the  tasks  without  the  previous  administration  of  tyrosine. 
Rauch  and  Lieberman  (1990)  also  showed  that  rats  ad¬ 
ministered  tyrosine  prior  to  cold  water  (17®C)  immersion 
stress  were  less  behaviorally  depressed  than  rats  exposed 
to  the  stressor  without  the  benefit  of  additional  tyrosine. 

These  data  clearly  document  tyrosine’s  ability  to  re¬ 
duce  some  of  the  biochemical,  cognitive  and  behavioral 
deficits  induced  by  stress.  Ultimately,  this  dietary  supple¬ 
ment  could  become  an  important  factor  in  preventing,  or 
reducing,  a  cold-induced  memory  deficit  under  field  con¬ 
ditions  in  which  exposure  to  cold-stress  is  unavoidable. 
The  present  experiment,  therefore,  uses  an  animal  model 
to  determine  whether  a  cold-stress-induced  memory 
deficit  can  be  ameliorated  by  the  administration  of  ty¬ 
rosine.  The  effects  of  tyrosine  on  DMTS  performance  in 
the  absence  of  cold  stress  is  also  reported.  In  contrast  to 
previous  research  concerned  with  the  effects  of  cold  stress 
on  working  memory  (Thomas  et  al.  1989, 1991 ;  Ahlers  et 
al- 1991),  the  present  experiment  examines  DMTS  errors 
throughout  the  entire  experimental  session.  Following 
changes  in  error  rate  over  the  entire  session  allows  for  a 
more  detailed  understanding  of  how  cold  exposure  af¬ 
fects  working  memory,  and  how  tyrosine  impacts  on  this 
performance  deficit  over  the  session. 


-^laterials  and  methods 

Subjects.  Eight  Long-Evans  rats,  maintained  at  weights  of  320-330 
8  throughout  the  experiment,  were  used.  The  rats  had  free  access  to 


water,  were  supplementally  fed  as  needed,  and  were  maintained  on 
a  12  h  L/D  cycle  (lights  on  at  0600). 

Apparatus.  Two  standard  operant  chambers  measuring 
20.9  X  21.6  X  29.2  cm  were  used.  The  side  walls  were  made  of  clear 
Plexiglass,  and  the  front  and  back  walls  were  made  of  stainless  steel. 
Two  response  levers  were  mounted  on  the  front  wall  6.8  cm  above 
the  grid  floor  and  2.S  cm  from  either  of  the  side  walls.  A  food  tray 
was  mounted  in  the  lower  center  of  the  front  wall,  equidistant  from 
each  of  the  levers.  The  tray  was  connected  by  a  short  tube  to  a  pellet 
fejcder,  which  delivered  43  mg  food  pellets.  A  third  response  lever 
was  mounted  on  the  opposite  wall,  6.8  cm  above  the  grid  floor  and 
equidistant  from  the  side  walls.  A  2.5  cm  diameter  light  with  a  white 
lens  was  mounted  5.7  cm  above  each  of  the  levers.  A  houselight  was 
mounted  above  each  operant  chamber.  All  sessions  were  conducted 
with  the  operant  chambers  housed  inside  a61. 0x71. 1x121. 9  cm 
temperature-controlled  chamber  with  temperature  set  at  either 
22®C  or  2°C.  Experimental  events  and  data  were  controlled  and 
recorded  by  a  computer  system. 

Procedure.  Rats  were  placed  in  an  operant  chamber  30  min  before 
the  start  of  the  session.  The  session  began  with  the  illumination  of 
the  houselight  and  the  light  above  one  of  the  front  wall  levers  (tight 
or  left).  The  rat  then  had  to  press  the  lever  under  the  illuminated 
light  which  caused  the  light  to  be  extinguished,  turned  on  the  cue 
light  above  the  tear  wall  lever,  and  initiated  a  delay  interval.  A 
delay  interval  was  randomly  selected  and  could  be  1,  2,  4,  8  or  16  s 
in  duration  with  the  following  constraint:  within  a  block  of  20  trials 
each  delay  interval  appeared  twice,  once  beginning  with  the  cue 
light  on  the  left  and  once  beginning  with  the  cue  light  on  the  right 
No  more  than  four  trials  with  the  same  delay  could  occur  consecu¬ 
tively.  During  the  delay  interval  the  rat  was  required  to  respond  on 
the  rear  wall  lever.  The  first  response  on  the  rear  wall  lever  follow¬ 
ing  completion  of  the  delay  interval  extinguished  the  cue  light 
above  the  rear  wall  lever,  sounded  a  2800-Hz  tone  and  illuminated 
both  lights  over  the  front  wall  levers.  A  response  to  the  previously 
responded-to  cued  lever  extinguished  both  cue  lights,  was  recorded 
as  a  correct  response,  and  was  followed  by  the  delivery  of  a  food 
pellet.  A  response  to  the  previously  non-cued  lever  extinguished 
both  cue  lights  and  was  recorded  as  an  incorrect  response.  A  10-s 
inter-trial  interval  preceded  the  beginning  of  the  next  trial.  Each 
session  consisted  of  180  trials  or  75  min,  whichever  occurred  first. 

Tyrosine  administration.  1-Tyrosine  methyl  ester  hydrochloride 
(.Aldrich,  Milwaukee,  WI)  was  dissolved  in  0.9%  saline.  Saline  was 
used  for  vehicle  control  injections.  All  injections  were  administered 
intraperitoneally  in  a  volume  of  1.0  ml/kg  body  wt. 

On  Tuesdays  and  Fridays  rats  were  administered  either  saline  or 
50,  100,  or  200  mg/kg  1-tyrosine  15  min  prior  to  being  placed  in  the 
environmental  chamber,  which  was  set  at  either  2°C  (cold  exposure) 
or  22'’C  for  the  duration  of  the  experimental  session.  Each  rat  expe¬ 
rienced  all  eight  combinations  of  tyrosine  or  saline  administration 
and  temperature  exposure  in  a  mi.xed  order.  The  block  of  eight 
conditions  was  experienced  by  three  of  the  rats  three  times  and  five 
of  the  rats  twice.  The  remaining  days  of  the  week  (M,  \V,  Th)  served 
as  baseline  days  during  which  the  chamber  was  set  at  22°C,  and  no 
tyrosine  or  saline  was  administered. 

Data  analysis.  The  mean  percent  correct  for  each  delay  under  each 
condition  was  computed  for  each  rat.  A  least  squares  linear  regres¬ 
sion  analysis  was  used  to  characterize  the  mean  rate  of  change,  or 
slope  of  cumulative  errors  over  trials,  for  each  condition  for  each 
rat.  Significant  differences  between  measures  (i.e.  matching  accuracy 
and  slopes  of  cumulative  errors)  were  assessed  using  repeated-mea¬ 
sures  ANOVAs.  The  least  square  means  multiple  comparison  test 
was  used  to  determine  differences  among  paired  comparisons.  In 
the  case  of  an  insignificant  f-value,  Bonferroni’s  method  (see  Mil- 
liken  and  Johnson  I98-tl  was  used  to  assess  differences  among 
paired  comparisons.  Using  this  method,  the  obtained  a-value  that  is 
used  to  determine  if  two  conditions  are  significantly  different  is  a/pl; 
where  a  represents  the  previously  used  significance  level  and  pi 
represents  the  number  of  planned  comparisons. 
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Results 

Figure  1  illustrates  mean  (±  SEM)  overall  matching  ac¬ 
curacy  during  exposure  to  2°C  and  22‘’C  temperatures 
for  the  three  doses  of  tyrosine  and  the  saline  condition. 
Overall  matching  accuracy  significantly  changed  as  a 
function  of  temperature  and  tyrosine  dose  [F(3,21)=5.70, 
P  =  0.0051).  Paired  comparisons  indicated  that  cold  ex¬ 
posure  following  saline  administration  significantly,  de¬ 
creased  overall  matching  accuracy  relative  to  the  22®C 
saline  condition  (F=0.0001).  While  matching  accuracy 
did  not  differ  between  saline  and  50  mg;kg  tyrosine  at 
2‘’C  (F= 0.1 845),  matching  accuracy  was  significantly  im¬ 
proved  following  100  and  200  mg/kg  tyrosine  in  the  cold, 
relative  to  saline  (both  PS  <0.002).  However,  100  and  200 
mg/kg  tyrosine  did  not  completely  reverse  the  effects  of 
cold  stress,  as  matching  accuracy  was  significantly  lower 
than  following  saline  administration  at  22°C  (both 
PS  <0.005).  At  22®C,  overall  matching  accuracy  follow¬ 
ing  all  doses  of  tyrosine  administration  was  not  signifi¬ 
cantly  different  from  saline  (all  PS  >0.40). 

Figure  2  illustrates  mean  ( ±  SEM)  matching  accuracy 
as  a  function  of  delay  interval  during  exposure  to  2‘‘C 
and  22°C  temperatures  for  the  three  doses  of  tyrosine  and 
the  saline  condition.  There  was  a  significant  Temperature 
by  Delay  interaction  [P(4,28)  =  6.33,  P  =  0.0009],  and 
paired  comparisons  indicated  that  cold  exposure,  across 
all  doses  of  tyrosine  and  saline,  significantly  reduced 
matching  accuracy  at  the  longer  delay  intervals  of  8  and 
16  s  relative  to  22°C  exposure  (both  PS <0.002).  Match¬ 
ing  accuracy  at  the  shorter  delays  was  unaffected  by  cold 
exposure  (all  PS  >0.07). 

Although  there  was  no  Temperature  by  Dose  by  De¬ 
lay  interaction  [P(  12,84)  =  0.77,  P>0.68],  significant  dif¬ 
ferences  among  paired  comparisons  were  assessed  using 
Bonferroni’s  method  to  compute  a  new  a-value  of  0.0014 
(i.e.  a/pl  =  0.05/35).  With  this  significance  level,  paired 
comparisons  indicated  that  cold  exposure  following  sa¬ 
line  administration  significantly  reduced  matching  accu¬ 
racy  at  the  4-,  8-  and  16-s  delays  relative  to  the  22‘’C 
saline  condition  (all  PS<0.0014).  Relative  to  the  saline 
cold  condition,  200  mg/kg  tyrosine  dose  significantly  im¬ 
proved  matching  in  the  cold  at  the  4-s  delay  (P  =  0.0001), 
such  that  matching  accuracy  was  not  different  from 
matching  accuracy  under  the  22°C  saline  condition 
(P>0.46).  At  the  8-s  delay,  matching  accuracy  under  the 
200  mg/kg  tyrosine  cold  condition  was  marginally,  but 
not  significantly,  different  from  the  saline  cold  condition 
(P= 0.009).  At  the  16-s  delay,  matching  accuracy  follow¬ 
ing  200  mg/Tcg  tyrosine  improved  in  the  cold,  but  not 
significantly,  relative  to  the  saline  cold  condition 
(P= 0.004).  For  the  100  mg/kg  tyrosine  cold  condition, 
matching  accuracy  tended  to  improve  at  the  4- 
(P=0.0077)  and  8-s  (P=0.013)  delay  intervals  relative  to 
the  saline  cold  condition,  but  not  significantly  under  the 
criteria  imposed.  For  the  50  mg/kg  tyrosine  dose,  match¬ 
ing  accurciy  was  not  significantly  different  from  the  sa¬ 
line  cold  condition  at  any  delay  interval  (all  PS>0.14). 

Figure  3  illustrates  mean  cumulative  matching  errors 
as  a  function  of  trials  within  a  session,  for  all  conditions. 
Errors  in  matching  occurred  at  about  the  same  rate 
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Fig.  1.  Mean  overall  percent  correct  ( ±  SEM)  as  a  function  tyrosine 
dose  and  ambient  temperature.  (■)  2“C;  (□)  22®C 
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Fig.  2.  Mean  percent  correct  (±  SEM)  matching  accuracy  as  a 
function  of  delay  interval  during  exposure  to  2®C  (le/t  column)  and 
22®C  (right  column)  air  temperatures  for  three  doses  of  tyrosine,  and 
the  saline  condition.  The  dashed  line  in  left  column  panels  repre¬ 
sents  matching  performance  during  22°C  exposure  following  saline 
administration.  Some  of  the  data  points  are  positioned  to  the  right 
or  the  left  of  the  actual  delay  interval  value  for  clarity  of  presenta¬ 
tion.  (— □— )  Saline;  (A)  50  tyr;  (•)  100  tyr;  (♦)  200  tyr 
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Fig.  3.  Mean  cumulative  matching  errors  as  a  function  of  successi'* 
trials  within  a  session  for  saline  and  tyrosine  conditions  during  2°C 
and  22®C  exposures  conditions.  Temperature  2:(  —  A— )0;(  —  O") 
50;  (- V-)  100;  (■□.••)  200.  Temperature  22;  (- A  -)  0;  (-  •  -) 
50:(-T-)100;(-B-)200 


throughout  the  session,  resulting  in  a  steady  increase  in 
cumulative  errors.  A  least  squares  linear  regression  anal¬ 
ysis  adequately  descnoed  the  data  Icr  all  conditions  ioc 
all  rats  (all  R^>0.95).  Analysis  of  slopes  of  cumulative 


-or  functions  indicated  a  significant  Temperature  by 
pose  interaction  (f(3,21)  =  5.86,  P  =  0.005).  Paired  com- 
oarisons  showed  that  cold  exposure  following  saline  ad- 
^nistration  significantly  increased  the  slope  of  cumula- 
nve  errors  relative  to  the  12°C  saline  condition 
ip»0.0001).  During  cold  sessions,  the  slope  characteriz¬ 
ing  cumulative  error  rate  following  50  mg/kg  tyrosine  did 
not  significantly  differ  from  saline  (P>0.05),  while  the 
slopes  characterizing  cumulative  errors  for  100  and  200 
ujg/kg  tyrosine  were  significantly  lower,  relative  to  saline 
(both  PS=0.0001).  As  with  overall  matching,  the  slopes 
of  cumulative  errors  at  2°C  following  100  mg/kg  and  200 
me, /kg  tyrosine  were  significantly  greater  than  the  slopes 
characterizing  cumulative  errors  following  saline  at  22®C 
(both  PS  <0.002)  exposure,  indicating  that  tyrosine  did 
not  reduce  errors  in  the  cold  to  levels  obtained  at  22®C. 
At  2TC,  the  slopes  characterizing  cumulative  errors  fol¬ 
lowing  tyrosine  administration  were  not  significantly  dif¬ 
ferent  from  the  saline  condition  (all  PS >0.20). 


Discussion 

Consistent  with  previous  research,  acute  cold  exposure 
impaired  overall  matching  accuracy  (Thomas  et  al.  1989, 
1991;  Ahlers  et  al.  1991),  resulting  from  the  longer  delay 
intervals  being  significantly  more  affected  by  cold  expo¬ 
sure  than  shorter  delay  intervals.  Analysis  of  cumulative 
errors  within  a  session  showed  that  cold  exposure  had  a 
constant  effect  on  error  rate  throughout  the  session,  indi¬ 
cating  rats’  performance  is  equally  debilitated  by  the 
stressor  over  the  entire  session.  Following  an  initial  half 
hour  of  cold  exposure,  the  behavioral  data  recorded  over 
the  remainder  of  the  session  indicate  that  cold  stress 
manifests  neither  as  an  acute  effect  to  which  the  rat 
adapts  within  the  session,  nor  as  a  stressor  that  gradually 
impairs  performance  and  increases  in  apparent  intensity 
over  the  course  of  the  experimental  session. 

The  higher  doses  of  100  mg/kg  and  200  mg/kg  ty¬ 
rosine  significantly  improved  overall  matching  accuracy 
during  acute  cold  exposure.  While  there  was  significant 
improvement  in  matching  accuracy  at  the  4-s  delay  fol¬ 
lowing  200  mg/kg  tyrosine  during  cold  exposure,  in  gen¬ 
eral  the  beneficial  effects  of  tyrosine  on  overall  matching 
were  not  due  to  improvement  at  any  particular  delay 
interval,  but  rather  due  to  improvements  at  several  of  the 
delay  intervals  affected  by  cold  exposure. 

Analysis  of  tyrosine’s  effects  on  cumulative  errors 
within  cold  sessions  showed  a  pattern  similar  to  overall 
matching  accuracy.  Higher  doses  of  tyrosine  significantly 
reduced  errors  at  a  constant  rate  throughout  the  cold 
sessions,  but  did  not  completely  reverse  the  effect  of  cold, 
as  the  error  rate  was  still  significantly  higher  than  at 
22’’C.  These  data  suggest,  however,  that  tyrosine  is  in 
sufficient  supply  in  the  CNS  to  benefit  DMTS  perfor¬ 
mance  throughout  the  entire  cold  experimental  session. 

These  results  support  the  hypothesis  that  cold-stress- 
mduced  reduction  of  CNS  catecholamine  neurotransmis¬ 
sion  leads  to  impaired  performance  on  a  DMTS  task, 
increasing  tyrosine  availability  allows  for  the  repletion  of 
these  neurotransmitters,  sustaining  the  release  of  cate¬ 


cholamines  and  leading  to  improved  DMTS  perfor¬ 
mance.  Furthermore,  these  data  are  congruous  with  pre¬ 
vious  research  attesting  to  the  beneficial  effects  of  ty¬ 
rosine  on  a  variety  of  behavioral  and  cognitive  measures 
during,  or  following,  exposure  to  other  acute  stressors 
(Reinstein  et  al.  1984;  Banderet  and  Lieberman  1989; 
Rauch  and  Lieberman  1990;  Ahlers  et  al.  1992).  Howev¬ 
er,  although  tyrosine  administration  ameliorated  the  ef¬ 
fect  of  cold  stress  on  DMTS  performance,  it  did  not  com¬ 
pletely  reverse  the  effect  of  cold,  and  performance  levels 
were  not  equal  to  those  observed  during  22°C  exposure. 

The  behavioral  effects  associated  with  tyrosine  admin¬ 
istration  in  the  absence  of  exposure  to  acute  stressors 
have  been  mixed.  Some  of  the  previous  research  has 
found  no  change  in  spontaneous  activity  in  rats  (Mul- 
lenix  et  al.  1991),  and  no  change  in  mood  or  reaction  time 
in  humans  (Lieberman  et  al.  1985)  following  tyrosine  ad¬ 
ministration.  On  the  other  hand,  research  has  demon¬ 
strated  a  reduction  in  locomotor  activity  in  rats  (Rein¬ 
stein  et  al.  1984),  a  reduction  in  fixed-ratio  and  fixed-in¬ 
terval  responding  in  rats  (Ahlers  et  al.  1992),  increased 
aggressive  behavior  in  young  mice  (Brady  et  al.  1980), 
and  increased  open  field  activity  in  mice  (Gibson  et  al. 
1982)  following  tyrosine  administration.  In  the  present 
experiment,  tyrosine  was  not  behaviorally  active  in  the 
absence  of  the  thermal  stressor.  At  22°C,  matching  accu¬ 
racy  following  tyrosine  administration  was  not  signifi¬ 
cantly  different  from  the  saline  control  condition.  Since 
catecholaminergic  neurons  only  utilize  tyrosine  when 
they  are  activated  and  their  firing  rate  increases,  these 
data  suggest  that  catecholaminergic  neurons  were  unaf¬ 
fected  by  tyrosine  availability  due  to  their  relative  re¬ 
duced  firing  rate,  or  quiescence,  in  the  absence  of  thermal 
stress.  However,  it  is  equally  possible  that  increases  in 
catecholamine  biosynthesis  did  occur  following  supple¬ 
mental  tyrosine  administration  in  the  absence  of  cold 
stress,  but  this  increase  had  no  affect  on  performance. 

Since  central  DA  and  NE  levels  were  not  measured  in 
this  study,  it  cannot  be  determined  how  these  neurotrans¬ 
mitters  were  affected  by  cold  exposure  and  tyrosine  ad¬ 
ministration.  Previous  research,  however,  has  shown  that 
exposure  to  acute  stress  reduces  NE  (Gibson  and  Wurt- 
man  1978;  Brady  et  al.  1980;  Weiss  et  al.  1980;  Palkovits 
1984;  Reinstein  et  al.  1984)  and  DA  (Brady  et  al.  1980; 
Dunn  and  File  1983;  Palkovits  1984)  concentrations  in 
certain  regions  of  the  CNS,  and  tyrosine  has  been  shown 
to  replete  the  levels  of  NE  in  CNS  regions  implicated  in 
working  memory,  such  as  the  hippocampus  (Reinstein  et 
al.  1984).  Furthermore,  reduction  in  either  NE  or  DA  in 
particular  brain  regions,  associated  with  biochemical  le¬ 
sions,  has  been  related  to  deficits  in  working  memory 
(Brozoskis  et  al.  1979;  Arnsten  and  Goldman-Rakic 
1985;  Decker  and  McGaugh  1991).  Fore.xample,  DA  and 
NE  terminals  in  the  prefrontal  cortex  of  non-human  pri¬ 
mates  have  been  implicated  in  working  memory,  and  re¬ 
search  has  shown  that  depleting  these  catecholamines  re¬ 
sults  in  impaired  working  memory  (Brozoskis  et  al.  1979; 
Arnsten  and  Goldman-Rakic  1985).  Administration  of 
the  NE  agonist  clonidine  has  been  shown  to  reduce  age- 
related  working  memory  impairment,  improve  working 
memory  in  animals  following  NE  depletion  in  the  pre- 
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frontal  cortex,  and  improve  working  memory  in  young 
non-human  primates,  presumably  through  the  stimula¬ 
tion  of  post-synaptic,  alpha-adrenergic  receptors  (Arn- 
sten  and  Goldman-Rakic  1985;  Arnsten  et  al.  1988;  Jack- 
son  and  Buccafusco  1991).  Similarly,  the  DA  agonist 
apomorphine  has  also  been  shown  to  improve  working 
memory  following  DA  depletion  in  the  prefrontal  cortex 
of  non-human  primates  (Brozoskis  et  al.  1 979),  while  the 
DA  receptor  antagonist  haloperidol  has  been  shown  to 
impair  radial-arm  maze  performance  in  rats  {Beatty  and 
Rush  1983;  Levin  1988).  It  is  clear  that  both  DA  and  NE 
are  involved  in  working  memory.  Further  research  is 
needed  to  determine  in  what  manner  cold  stress  and  ty¬ 
rosine  impact  on  these  neurotransmitter  systems  in  the 
CNS  to  modulate  working  memory. 

In  summary,  acute  cold  stress  impaired  working  mem¬ 
ory  in  rats.  The  higher  doses  of  100  and  200  mg/kg  ty¬ 
rosine  significantly  improved  overall  matching  accuracy 
and  reduced  cumulative  error  rate  during  exposure  to 
acute  cold  stress  relative  to  saline,  while  50  mg/lcg  ty¬ 
rosine  did  not.  Tyrosine  had  no  adverse  affects  on  DMTS 
performance  in  the  absence  of  cold  stress.  It  appears  that 
supplemental  tyrosine  is  capable  of  improving  DMTS 
performance  in  the  cold  by  preventing  a  cold-stress-in¬ 
duced  reduction  in  brain  catecholamine  levels.  Taken  to¬ 
gether  with  previous  research,  it  is  possible  that  supple¬ 
mental  tyrosine  administration  could  be  beneficial  in  re¬ 
ducing  a  working  memory  deficit  under  field  conditions 
in  which  exposure  to  acute  cold  stress  is  unavoidable. 
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